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ABSTRACT 
LARGE-SCALE MASS BALANCE FOR LEAD 
I N  SOUTHERN LAKE MICHIGAN 
A l a r g e - s c a l e ,  order-of-magnitude mass b a l a n c e  f o r  l ead  i n  t h e  
n e a r  f i e l d  of Chicago ( t h e  s o u r c e )  i s  p r e s e n t e d .  Both exper imenta l  
d a t a  and s imple  p h y s i c a l  modeling a r e  used t o  e s t i m a t e  t h e  t r a n s p o r t  
of l e a d  from t h e  major s o u r c e s  t o  t h e  n e a r - f i e l d  s i n k s  of Southern 
Lake Michigan,  i t s  watershed s o i l ,  and t h e  s u r r o u n d i n g s  ( l o s s e s  from 
t h e  sys tem under  q u e s t i o n ) .  The r e s u l t s  show t h a t  a tmospher ic  t r a n s -  
p o r t  of l e a d  a e r o s o l s  t o  a s i n k  l i k e  Lake Michigan i s  about  two o r d e r s  
of magnitude g r e a t e r  t h a n  o t h e r  t r a n s p o r t  mechanisms. To perform a 
d e t a i l e d  ( smal l - sca le )  mass b a l a n c e  f o r  l e a d ,  i n  s u p p o r t  of t h e  l a r g e -  
s c a l e  r e s u l t s ,  a complete model of a tmospher ic ,  a e r o s o l  t r a n s p o r t  and 
d e p o s i t i o n  i s  n e c e s s a r y  and dominant.  Although much work has  been 
done on ( f r e e )  t u r b u l e n t  d i s p e r s i o n  of a e r o s o l s  and a e r o s o l  
d e p o s i t i o n  th rough  p r e c i p i t a t i o n ,  l i t t l e  is known about  t h e  d r y  
d e p o s i t i o n  of a e r o s o l s  from a t u r b u l e n t  boundary l a y e r .  An a e r o s o l ,  
t u r b u l e n t  d i s p e r s i o n  model w i t h  a r e a l i s t i c  boundary c o n d i t i o n  a t  t h e  
f lu id -ground  i n t e r f a c e  needs  t o  b e  developed.  A coord ina ted  exper- 
i m e n t a l  program f o r  measuring (d ry)  a e r o s o l  f l u x  t o  t h e  ground (and 
Lake) should b e  i n i t i a t e d .  
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INTRODUCTION 
Lead a d d i t i v e s  i n  g a s o l i n e  r e s u l t  i n  l a r g e  q u a n t i t i e s  of l e a d  
b e i n g  r e l e a s e d  i n  t h e  a tmosphere  a s  a h i g h l y  mobi le  a e r o s o l .  G a s o l i n e  
u s e s  abou t  20%"' of a l l  l e a d ,  i s  r e s p o n s i b l e  f o r  abou t  47% of t h e  
l e a d  wasted i n  t h e  environment ,  and i s  t h e  s o u r c e  of abou t  95% of  t h e  
l e a d  found i n  t h e  a tmosphere .  Other  l e a d  u s e s  such  a s  i n  b a t t e r i e s ,  
p a i n t s ,  ammunition, and manufac tu r ing  p r o c e s s e s  make up t h e  s o u r c e s  f o r  
t h e  remain ing  53% of t h e  m e t a l  wasted i n  t h e  environment .  The mechan ica l  
m o b i l i t y  of t h i s  l e a d  i s  d i f f i c u l t  t o  s t a t e ,  b u t  shou ld  be  much l e s s  t h a n  
t h a t  i n  a e r o s o l  form. 
The t o x i c i t y ,  q u a n t i t y ,  ar.d m o b i l i t y  of l e a d  i s  c a u s e  f o r  concern  
a s  t o  i t s  e f f e c t s  on t h e  environment .  T h i s  r e p o r t  r e p r e s e n t s  an  e f f o r t  
t o  o r g a n i z e ,  q u a n t i f y ,  and model t h e  t r a n s p o r t  of l e a d  a s  i t  "flows" 
i n  t h e  environment from s o u r c e s  t o  s i n k s .  Such work c o n s t i t u t e s  i n p u t  
i n f o r m a t i o n  f o r  o t h e r  r e s e a r c h e r s  invo lved  i n  more d e t a i l e d  t r a n s p o r t  
s t u d i e s  o r  f i n d i n g  any p o s s i b l e  h a z a r d s  a s s o c i a t e d  w i t h  l e a d ,  i n  some 
q u a n t i t y  and form, b e i n g  found a t  some l o c a t i o n .  
A s  a  f i r s t  s t e p  i n  modeling t h e  t r a n s p o r t  of l e a d ,  t h e  Chicago a r e a  
was chosen a s  a p a r t i c u l a r  example. Chicago i s  a c i t y  wi th  l a r g e  
q u a n t i t i e s  of l e a d  r e l e a s e d  each y e a r ,  l o c a t e d  n e x t  t o  a l a r g e  l a k e ,  and 
where many l e a d  measurements have and a r e  b e i n g  made. T h i s  a l lowed  a 
l a r g e - s c a l e ,  order-of-magnitude mass b a l a n c e  t o  b e  c a r r i e d  o u t  f o r  l e a d  
i n  t h e  n e a r  f i e l d  of a l a r g e  s o u r c e  (Chicago) .  Such a b a l a n c e  i s  n e c e s s a r y  
i n  d e t e r m i n i n g  which t r a n s p o r t  mechanisms a r e  i m p o r t a n t  s o  t h e y  can  be  
f u r t h e r  r e f i r - ed  f o r  t h e  needed s m a l l - s c a l e  ( d e t a i l e d )  s t u d i e s .  
I n  o r d e r  t o  have  a  d e f i n i t e  r e g i o n  on t o  perform the. mass 
b a l a n c e ,  Sou the rn  Lake Michigan ( s o u t h  of 43' p a r a l l e l )  , i t s  d r a i n a g e  
a r e a ,  and t h e  above a tmosphere  was s e l e c t e d .  For  t h i s  sys tem,  w i t h  
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a  w a t e r  s u r f a c e  a r e a  of 6,470 m i .  and a  wa te r shed  a r e a  of  13,090 m i . L ,  
t h e  magni tude  of t h e  v a r i o u s  mechanisms f o r  l e a d  t r a n s p o r t ,  a s  i n d i c a t e d  
i n  t h e  schemat ic  d i a g r a . ~  of  F i g u r e  1, were c a l - c u l a t e d .  The p r o c e d u r e  
f o r  o b t a i n i n g  t h e  numbers a p p e a r i n g  on t h i s  d iagram a r e  d i s c u s s e d  
th roughou t  t h e  rest of t h e  r e p o r t  under  t h e i r  r e s p e c t i v e  h e a d i n g s .  I n  
a l l  c a s e s  ecough i n f o r m a t i o n  i s  g i v e n  t o  a l l o w  t h e  r e s u l t s  t o  b e  
r e c a l c u l a t e d  i f  f u r t h e r  s t u d y  o r  d a t a  r e v e a l s  t h a t  a n  i n c o r r e c t  
a s sumpt ion  o r  number h a s  been u s e d .  
Most of  t h e  Chicago m e t r o p o l i t a n  a r e a  i s  n o t ,  s t r i c t l y  s p e a k i n g ,  
i n  t h e  wa te r shed  of Lake Michigan.  T h i s  r e g i o n  i s ,  of  c o u r s e ,  t h e  
s o u r c e  of most of  t h e  l e a d  and was t h e r e f o r e  i n c l u d e d  i n  t h e  sys tem 
s t u d i e d .  
F i g u r e  1 :  Schemat ic  Diagram of Lead T r a n s p o r t  i n  Grams P e r  Year f o r  
t h e  Chicago Area (Data based  on 1968-1973 t ime  s p a n ) ,  
Lead I n p u t  t o  System 
( g a s o l i n e )  8 . 2  x 10 9 
( a t m o s p h e r i c  c o n v e c t i o n  ) 
( o t h e r )  9.25 x 10 9 
I 
7 
o s s :  7.47 x 10 + 6 
\ 9 6.97 x 10 4- 6 10.48 x 10 > 9 
Combined F f f e c t s :  5.39 x 10 9 Atmosphere >- S o l i d  Environment 
1 n e g l i g i b l e  \ 
Dry 1;oss : 
S e t t l e m e n t  Boa t ing  n e g l i g i b l e  
I 
P r e c i p i t a t i o n  
Mechanisms 
1 7  1 .43  x 10 I Ground-Level 
T r a n s p o r t  
7 5 .3  x l G  , 
f 
1 . 5  x 10 9 
- \ r 
6.5  x 10 7 
Lake Michigan 
Loss :  n e g l i g i b l e  
pue apm leuor~exado aqJ ~JJM dlap~fi sarxeh pauyeJax Junome ayJ y%noq~ 
- uaha =sxo~e8y~sa~ur lexahas dq pa~xodax uaaq seq xo~aeg uorJuaJax 
(5) ' (1) 
syy~ 103 xaqmnu v -3uamuoxrhua prlos aqJ go axed sr JeqJ alyqomoJne aqJ ur 
PauyeJax sr  xed e cuoy~dmnsuoa aurlose% qJrm pa~eraosse peal aqJ 30 
*~xodsuex~ 3rxaqdsom~e 
Xq8urpunoxxns aqJ (moxg paup8 20) OJ  sol peal Jau aq3 go axed se Jr Jean 
pue Q Junome wouyun ue dq srq3 aJouap aM *daexnme due qJrfi paJempsa 
aq ~ouuea ma~sds aqJ oJur axaqdsom~e aqJ dq pa~sahuoa %uraq peal aqL 
-3uamuoxyhua prlos aqJ ~JTM a~ejaosse afi qajqfi go lie 'saaxnos 
anr~omo~ne-uou ~JTM pa~e~aosse peal go xead/smex% 01 x 5~-6 go axn8rg 
6 
e OJ speal srqL *eaxe aqa log uor~dmnsuos auylose8 pa~elnalea ayJ OJ 
paauaxagax sr uoyJnqrxasrp srqL *(I) a3uaxagax OJ 8urpxo33e Juamuoxynua 
aya ur PaJsefi peal go uorJnqrxJsrp leuoTJeu aqJ 8ursn dq paJemrJsa 
SBM sa3xnos paxrg moxg maJsds aqJ ur paJsefi peal ahr~omo~ne-uou ayL 
*uo~le8/smex8 5-z go xoJae3 aqJ dq peal go smex8 OJ pa~xanuoa 
SEM aurlose8 go suolle3 *of61 ur au~lose8 go xead/suolle% 01 x gz-9 30 6 
uor~dmnsuo3 aqJ sJsrl o8e3rq3 30 dJr3 aqJ 'sxaqmnu paaxodax ur pa~aadxa 
(9) 
aq ue3 JE~J a8uex ayJ ~oqs o~ 'dJuno3 3003 moxg ST 01 x 85'1 'uxaauo3 
6 
go uor%ax aqJ ur pasn (eJep ZL61 uo paseq) lead/suoll88 01 x 58~'~ go 6 
TeJoJ aqJ JO 'axay pasn SEM poqJam uoyJnqyxJsyp xamxog aqL *uor~elndod xo 
saaj uoy~ex~sy8ax-xo~om d~unoa xaqlra dq (paJnqyxjsyp) paJq8yafi (E)pa~~all~~ 
saxe2 aJeJs leJoJ go saxodax moxg paJemyJsa llaM dlxyeg aq ue3 syseq 
saxe ue uo uor~dmnsuo3 auylose3 *p~os aurlose8 uo eJep moxg paJemFJsa sy 
aTyqomoJne aqJ moxj lead xad maJsds aqJ uy pasealax peal go Junome aqL 
c o n d i t i o n  of t h e  v e h i c l e ,  we c o n s i d e r  t h a t  15% of t h e  g a s o l i n e  l e a d  goes  
d i r e c t l y  t o  t h e  s o l i d  environment.  
These r e s u l t s  a r e  l i s t e d  i n  F i g u r e  1  where 6.97 x 10' + 6 grams of 
9  l e a d  p e r  y e a r  go i n t o  t h e  atmosphere w h i l e  10.48 x 10 grams p e r  y e a r  a r e  
c o n t r i b u t e d  t o  t h e  s o l i d  environment.  S e v e r a l  numeric p l a c e s  a r e  inc luded  
i n  t h e s e  numbers o n l y  t o  i n d i c a t e  t h e y  come from c a l c u l a t i o n s .  The d e g r e e  
of conf idence  i s  on ly  i n  t h e i r  o r d e r  of magnitude.  
BOATING 
Since the Lake was treated as a sink in the system, consideration 
was given to lead input due to the direct use of gasoline. The amount 
of gasoline consumed by boats operating on the Lake can be estimated 
7 from state tax data(3) to be approximately 2.7 x 10 gallons/year. 
References (6) and (7) estimate about 0.53 gramslgallon are put directly 
into the water by motorboat operations. We, therefore, have a boating 
7 input of lead to Southern Lake Michigan of 1.43 x 10 gramslyear. This 
figure agrees with nation-wide estimates weighted by population for the 
region of concern. (7) This number is most likely an overestimation of 
the mechanism, but it is based on the best available information. A more 
detailed estimate based on number of boats registered and motorboat-use 
statistics is not called for in the present order-of-magnitude mass 
balance. 
ATMOSPHERIC TRANSPORT 
P r e c i p i t a t i o n  Mechanisms: P r e c i p i t a t i o n  ( o r  wet)  removal means h e r e  
a l l  removal of l e a d  a e r o s o l s  a s s o c i a t e d  w i t h  p r e c i p i t a t i o n .  Such mechanisms 
a r e  a s s o c i a t e d  w i t h  a e r o s o l s  a c t i n g  a s  c.ondensation si tes ( r a i n o u t )  and t h e  
c o l l i s i o n  of a e r o s o l s  w i t h  r a i n d r o p s  below t h e  c loud (washout) .  These 
p r o c e s s e s  a r e  ex t remely  complex and one i s  f o r c e d  t o  perform c e r t a i n  o v e r a l l  
c a l c u l a t i o n s  t o  o b t a i n  t r a n s p o r t  numbers. The most d i r e c t  method f o r  
o b t a i n i n g  wet removal r a t e s  i s  t o  measure t h e  l e a d  c o n t e n t  i n  p r e c i p i t a t i o n  
on a  y e a r l y  and r e g i o n a l  b a s i s .  Such d a t a  was t aken  f o r  two l o c a t i o n s  i n  
t h e  Chicago a r e a  between September 1966 and March 1967. (8) The r e s u l t s  of 
t h i s  s t u d y  gave an  average  f i g u r e  f o r  Chicago of 24.5 grams of l e a d  p e r  
h e c t a r e  pe r  c e n t i m e t e r  of p r e c i p i t a t i o n .  Combining t h i s  i n f o r m a t i o n  w i t h  
an  a v e r a g e  y e a r l y  r a i n f a l l  of 74  centimeter^,'^) one c a n  c a l c u l a t e  3 x 10 9  
9  g ramslyear  of l e a d  i n t o  Southern Lake Michigan and 6 .1  x  10 gramslyear  on 
t h e  cor responding  wate r shed .  Of c o u r s e ,  one must remember t h e  d a t a  comes 
from c i t y  measurements which a r e  n o t  r e p r e s e n t a t i v e  of t h e  e n t i r e  a r e a .  
To check t h e  above d a t a ,  a  second approach can  be  used t o  e s t i m z t e  
removal r a t e s .  Ignor ing  many c o m p l e x i t i e s ,  one can  w r i t e  a  s imple  r e l a t i o n -  
s h i p  between a i r  and p r e c i p F t a t i o n  l e a d - c o n c e n t r a t i o n s  a s  
K = WC. (1) 
Here K i s  t h e  p r e c i p i t a t i o n  l ead-concen t ra t ion  i n  p g l g ,  C i s  t h e  a i r  l ead-  
c o n c e n t r a t i o n  i n  p g l g ,  and W r e p r e s e n t s  t h e  "washout" e f f i c i e n c y  ( r a t i o ) .  
Using K = 0.245 pg/g from r e f e r e n c e  (8) and C = 1.25 x p g l g ,  which 
i s  a  t y p i c a l  c i t y  r e a d i n g ,  one o b t a i n s  W = 196. Gatz (1  0) has  a l s o  
determined W from work i n  S t .  Lou is  and o b t a i n e d  v a l u e s  between 138 and 199 
f o r  l e a d .  Even though t h e  washout r a t i o  i s  a  f u n c t i o n  of many undetermined 
paramete rs ,  t h i s  agreement l e a d s  t o  some conf idence  i n  t h e  d a t a  of 
r e f e r e n c e  ( 8 ) .  
Ter  Haar (11) h a s  a l s o  r e p o r t e d  l e a d  c o n c e n t r a t i o n s  i n  p r e c i p i t a t i o n  a t  
Argonne (30 m i l e s  southwest  of Chicago) and i n  r u r a l  Michigan (about  90 
m i l e s  n o r t h e a s t  of Chicago).  T h i s  d a t a ,  t a k e n  between J u l y  and September 
1966, showed a  c o n c e n t r a t i o n  t h a t  was more t h a n  a  f a c t o r  of t e n  l e s s  t h a n  
t h a t  f o r  r a i n  c o l l e c t e d  i n  Chicago. However, a tmospher ic  l e a d  r e a d i n g s  a t  
t h e s e  s i tes a r e  o n l y  about  a  f a c t o r  of two ( I 2 )  l e s s  t h a n  Chicago. Theref o r e ,  
t h i s  d a t a  i s  n o t  i n  agreement w i t h  e q u a t i o n  (1) and t h e  r e p o r t e d  W f a c t o r s .  
W e  t h u s  cons idered  d a t a  of r e f e r e n c e  (8) t o  be  more r e p r e s e n t a t i v e  f o r  t h e  
s y s  t e m .  
To o b t a i n  t h e  numbers appear ing  on F i g u r e  1 , we mere ly  took  one-half 
t h e  c a l c u l a t i o n  based on Chicago d a t a  and s a i d  t h a t  would r e p r e s e n t  t h e  
e n t i r e  a r e a  of i n t e r e s t .  A more d e t a i l e d  c a l c u l a t i o n  ( i n t e g r a t i o n  over  t h e  
a r e a  w i t h  measured v a l u e s  f o r  C and c o n s t a n t  W) could be  performed, b u t  
t h e r e  i s  no doubt  t h a t  t h e  r e s u l t s  r e p r e s e n t e d  t h e  c o r r e c t  o r d e r  of magnitude.  
Dry S e t t l e m e n t :  The s i z e  c h a r a c t e r i z a t i o n  of t h e  l e a d  a e r o s o l s  from 
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automotive  e x h a u s t s ,  t h a t  make up t h e  6.97 x  10 gramslyear  a tmospher ic  i n p u t ,  
i s  t h e  key i n  de te rmin ing  d r y  s e t t l e m e n t  f i g u r e s .  Large p a r t i c l e s  ( g r e a t e r  
t h a n  1 0 ~  i n e q u i v a l e n t  d iameter*)  should  s e t t l e  o u t  r a p i d l y  by g r a v i t y  w h i l e  
s m a l l e r  p a r t i c l e s  can b e  t r a n s p o r t e d  f o r  l a r g e  d i s t a n c e s .  S e v e r a l  i n v e s t i g a -  
*Diameter f i g u r e s  r e f e r  t o  t h e  d iamete r  of a  s p h e r e  t h a t  e x h i b i t s  t h e  "same" 
aerodynamic d r a g  c h a r a c t e r i s t i c s .  T h i s  i s  a  r a t h e r  p o o r l y  d e f i n e d  parameter .  
t o r s  have r epo r t ed  experimental  measurements of l ead  a e r o s o l  s i z e  
d i s t r i b u t i o n s  from automobile exhaus ts ,  [ f o r  example, r e f e r e n c e  (5) 
and ( 1 3 ) l .  Their  experiments were performed d i f f e r e n t l y ,  and unfortu-  
n a t e l y ,  t h e i r  repor ted  d a t a  covers  a wide range.  Lee, e t . a l . ,  concludes 
t h a t  95% of t he  lead  i s  below 0 . 5 ~  whi le  Habib i ' s  work g ives  average 
median equiva len t  diameters  t h a t  vary  from 0 . 6 ~  t o  5 . 7 ~ .  These l a t t e r  
d a t a  a r e  f o r  v e h i c l e s  of d i f f e r e n t  age and ope ra t i ng  cond i t i ons .  I n  
reviewing t h e  a v a i l a b l e  d a t a ,  i t  is  reasonable  t o  t ake  30% by weight of 
t h e  emi t ted  lead  a s  having equiva len t  d iameters  g r e a t e r  than 3U. We 
cons ider  t h i s  l ead  t o  f a l l  ou t  very  c l o s e  t o  t h e  source  and t o  be re turned  
immediately t o  t he  s o l i d  environment. 
Most atmospheric measurements of l ead  ae roso l  s i z e  d i s t r i b u t i o n s ,  (1) 
on t h e  o the r  hand, seem t o  ag ree  t h a t  approximately 95% by weight i s  
below 0 . 5 ~  i n  diameter  w i th  a mass mean diameter  of about 0 . 2 5 ~ .  This 
in format ion  i s  used t o  e s t ima te  t h e  d ry  s e t t l emen t  from t h e  atmosphere 
when t r a n s p o r t  i s  beyond, say,  100 f e e t  from t h e  source.  
The removal of smal l  ( l e s s  than a micron i n  diameter)  a e r o s o l  
p a r t i c l e s  from a t u r b u l e n t  flow f i e l d  i s  no t  we l l  understood. ( I4 )  Many 
d i s p e r s i o n  models have been formulated and solved f o r  t h e  r e l e a s e  of 
a e r o s o l s  i n t o  t h e  atmosphere from po in t  and l i n e  sources .  A l l  t he se  models 
ignore  t h e  quest!-on of a r e a l i s t i c  boundary cond i t i on  r ep re sen t ing  t h e  l o s s  
of a e r o s o l s  t o  t h e  ground. This  boundary cond i t i on  i s  extremely d i f f i c u l t  
t o  formula te .  The most r e sea rche r s  have accomplished i s  t o  i nc lude  a grav i -  
t a t i o n a l  s e t t l i n g  term i n  t h e  d i s p e r s i o n  equat ion.  Furthermore, no 
e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  f o r  our  sys tem on l e a d  f l u x  t o  t h e  ground 
by d r y  s e t t l e m e n t  and impingement. 
To o b t a i n  some i d e a  about  t h e  importance of t h i s  mechanism, one c a n  
c a l c u l a t e  t e r m i n a l  v e l o c i t i e s  f o r  s p h e r e s  of a t y p i c a l  d iamete r  of l e a d  
a e r o s o l s .  Table  1 g i v e s  some d a t a  t a k e n  from r e f e r e n c e  (14) .  
Diameter 
(microns)  
R e l a x a t i o n  Time 
(seconds)  
V e l o c i t y  of F a l l  Vs 
(cmlsec) 
Tab le  1. R.elaxation Times and Terminal  V e l o c i t i e s  of 
Lead Spheres  i n  A i r  a t  One Atmosphere and 2 0 ' ~ .  
To p u t  t h i s  i n f o r m a t i o n  i n  p e r s p e c t i v e ,  one can  c a l c u l a t e  an  e f f e c t i v e  
f a l l o u t  v e l o c i t y  Vs due t o  p r e c i p i t a t i o n .  The r e l a t i o n s h i p  i s  
,P 
where L i s  t h e  l e a d  per  u n i t  t ime  f a l l i n g  on an  a r e a  A w i t h  a n  a i r  l ead-  
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c o n c e n t r a t i o n  of C .  Using t h e  s o u r t h e r n  l a k e  a r e a ,  L = 1.5  x  10 g r a m s / ~ e a r ,  
and C = 0.75 pglg3,  one o b t a i n s  V = 0.382 cm/sec. Taking t h e  w o r s t  
S Y P  
p o s s i b l e  c a s e  t h a t  a l l  l e a d  a e r o s o l s  a r e  0 . 5 ~  i n  d i a m e t e r ,  one conc ludes  t h e  
d r y  g r a v i t a t i o n a l  s e t t l e m e n t  i s  about  30 t imes  l e s s  e f f e c t i v e  t h a n  p re -  
c i p i t a t i o n  mechanisms. These were t h e  d a t a  used t o  e s t i m a t e  t h e  nunbers  
appear ing  on F i g u r e  1 . A s  p o i n t e d  o u t  e a r l i e r ,  t h e s e  d r y  s e t t l e m e n t  
c a l c u l a t i o n s  i g n o r e  t u r b u l e n t  impingement mechanisms and r e p r e s e n t  a  lower 
bound on t h i s  p r o c e s s .  
The two main c o n t r i b u t i o n s  of l e a d  t o  Southern Lake Michigan by 
g round- leve l  t r a n s p o r t  a r e  sediment i n f l o w  by major r i v e r s *  and was te  
d i s p o s a l  d i r e c t l y  i n t o  t h e  l a k e  by numerous s m a l l  cornmunities~~' .  The 
sediment  i n f l o w  of t h e  t h r e e  major r i v e r s  amounted t o  7.5 x  lo5  t o n s /  
y e a r .  ( I 5 )  blith an average  l e a d  sed iment -concen t ra t ion  of 28 ~ g / ~ ,  t h i s  
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sediment  i n f l o w  c o n t r i b u t e s  approximately  1 .6  x  10 grams/year  of l e a d  
t o  Sou thern  Lake Michigan. 
A c o m p i l a t i o n  of was te  w a t e r  d i s c h a r g e  i n t o  Lake Michigan has  been 
r e p o r t e d .  ( I 6 )  ' ( I 7 )  For Southern Lake Michigan t h e  t o t a l  was te  sums t o  
8 3.7 x  10 g a l l o n s  p e r  y e a r .  Using an  average  l e a d  c o n t e n t  of 98 u g / l i t e r ,  
7  
one o b t a i n s  approx imate ly  4 . 9  x  10 grams of l e a d  p e r  y e a r  from t h i s  source .  
I f  l e a d  i s  con t inued  a s  a  g a s o l i n e  a d d i t i v e ,  l e a d  c o n c e n t r a t i o n s  i n  
r i v e r  sed iments  and was te  w i l l  i n c r e a s e  over  t h e  y e a r s .  Thus, ground- 
l e v e l  t r a n s p o r t  should  be  a n  i n c r e a s i n g  f u n c t i o n  of t ime.  One should n o t e  
t h a t  F i g u r e  1 i n d i c a t e s  a  l a r g e  l e a d  accumulat ion i n  t h e  s o l i d  environment 
i.n c o n t r a s t  t o  t h e  f a c t  t h a t  no ev idence  e x i s t s  t h a t  t h e  a tmosphere  i s  
accumulat ing l e a d  a t  a  measurable  r a t e .  
*Grand, Kalamazoo and S t .  Joseph R i v e r s .  
?The wate r  i n f l o w  i t s e l f  does  n o t  c o n s t i t u t e  a n  i n f l o w  of l e a d  s i n c e  i t s  
l e a d  c o n c e n t r a t i o n  i s  low and approximately  e q u a l  t o  t h a t  f o r  wa te r  i n  
Lake Michigan.  
SLIMMAKE' 
The r e s u l t s  of t h e  o v e r a l l  l e a d  b a l a n c e  of Southern Lake Michigan 
i s  g i v e n  i n  F i g u r e  1 . It c a n  be  s e e n  t h a t  a tmospher ic  t r a n s p o r t  of 
automotive  l e a d  a e r o s o l s  w i t h  p r e c i p i t a t i o n  washout i s  t h e  most impor tan t  
mechanism f o r  l e a d  i n p u t  t o  t h e  Lake. It i s  a lmos t  two o r d e r s  of magnitude 
g r e a t e r  t h a n  t h e  o t h e r  mechanisms. These f i g u r e s  a r e  based on 1968-73 d a t a  
and t h e r e f o r e  r e p r e s e n t  an  averaged r e s u l t  f o r  a phenomenon which i s  most 
l i k e l y  a f u n c t i o n  of t ime.  With t ime one would p r e d i c t ,  assuming a i r  r e a d i n g s  
remain c o n s t a n t ,  i n c r e a s i n g  ground-level  t r a n s p o r t  due t o  accumulat ion of 
l e a d  i n  t h e  s o l i d  environment.  
Although measurements of l e a d  i n  t h e  sediments  and w a t e r s  of Lake 
~ i c h i ~ a n ' ' ~ )  ' ( l g )  show i n c r e a s i n g  amounts of l e a d  i n  t h e  sed iments ,  i t  i s  
n o t  p o s s i b l e  t o  compute t h e  e x t e n t  of t h i s  i n c r e a s e  o r  t h e  t o t a l  amount 
p r e s e n t .  One i s  t h u s  n o t  a b l e  t o  c l o s e  t h e  l e a d  b a l a ~ c e  a s  a check on t h e  
p r e d i c t e d  i n f l o w  of l e a d .  The same is  t r u e  f o r  t h e  s o l i d  environment [ s e e  
r e f e r e n c e  (20) 1 . 
The purpose  of t h i s  i n v e s t i g a t i o n  was t o  answer t h e  q u e s t i o n  of how 
much l e a d  i s  t r a n s p o r t e d  through t h e  atmosphere from i t s  b a s i c  s o u r c e s  i n  
t h e  urban a r e a  of Chicago t o  Southern Lake Michigan. With t h e  a v a i l a b l e  
d a t a ,  t h i s  t a s k  was accomplished i n  t h e  s e n s e  t h a t  t h e  r e s u l t s  a r e  c o r r e c t  
t o  t h e i r  o r d e r  of magnitude.  A more d e t a i l e d  l e a d  mass b a l a n c e  would i n v o l v e  
a g r e a t  d e a l  of a d d i t i o n a l  exper imenta l  and t h e o r e t i c a l  work. The weak l i n k  
i n  t h e  p r e s e n t e d  arguments i s  t h e  work on d r y  d e p o s i t i o n .  To b e t t e r  under- 
s t a n d  t h i s  mechanism, a M a s t e r ' s  t h e s i s  was w r i t t e n  on t h e  modeling of aero-  
s o l  d e p o s i t i o n  by impingement i n  t u r b u l e n t  boundary l a y e r s .  T h i s  work i s  
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not complete, but we have shown that simple mixing-length turbulent 
modeling cannot predict the important physics. The modeling has thus 
gone to statistical modeling of the turbulent flow that can predict 
impingement deposition. This work continues but will constitute a 
long-term research project. 
One should be cautioned that the present lead mass-balance is 
performed with many argumentive assumptions. One should therefore not 
attempt to give the results more credence than the presentation and 
discussion merits. 
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